ABSTRACT
Introduction
Arsenic is an element that is widely distributed in the earth's crust, and occurs naturally in soil, water, air and all living matter at an average concentration of 2 mg/kg. It is a metalloid of Group V A of the periodic table with properties allowing it to form alloys with various metals and covalent bonds with carbon, hydrogen, oxygen and sulphur. It has become evident that increasing human activities have modifi ed the global cycle of heavy metals and metalloids, including toxic non-essential elements such as arsenic, which is now ranked fi rst in a list of 19 hazardous substances by the Agency for Toxic Substances and Disease Registry and United States Environmental Protection Agency (7, 18) .
Although arsenic is generally toxic to life, it has been demonstrated that microorganisms can use arsenic compounds as electron donors, electron acceptors, or possess arsenic detoxifi cation mechanisms (1, 4, 8, 13, 17 and 20) . The most common oxidation states of arsenic in the environment are: As [V] (arsenate) and As [III] (arsenite). Of these two, trivalent arsenicals are 100 times more toxic than pentavalent derivatives (14, 15, 16) and have been shown to inhibit various dehydrogenases (e.g., pyruvate, α-ketoglutarate, and dihydrolipolate) (6) . Arsenite (AsO 2 -) has the ability to bind to sulfhydryl groups of proteins and dithiols such as glutaredoxin. Arsenate (AsO 4 3-) acts as a structural analogue of phosphate and inhibits oxidative phosphorylation by producing unstable arsenylated derivatives.
Both Gram-negative and Gram-positive bacteria have been found out to use the same biochemical mechanism, encoded by basically the same plasmid or chromosome genes (9, 10) , nevertheless that the number of genes can vary and the details of their functions differ (21) . The arsenic resistant determinants (ars), isolated from both Gram-positive and Gram-negative bacterial species have been found to consist of either three or fi ve genes, which have been organized into a single transcriptional unit (5, 21) . In E. coli, an ArsA-ArsB complex functions as a primary arsenite pump. In S. aureus, ArsB alone is suffi cient to act as a chemiosmotic secondary transport system for arsenite resistance without the presence of an ArsA ATPase (4). An additional gene, arsC, has been shown to encode for an arsenate reductase that mediates reduction of arsenate prior to arsenite effl ux (8) . In Pseudomonas putida was found to bear two systems for arsenic resistance (arsRBCH).
In some Gram-negative bacteria, arsenite is converted to arsenate by arsenite oxidase, a periplasmic membrane bound enzyme member of the dimethyl sulfoxide reductase family of molybdoenzymes (10, 12) . The enzyme arsenite oxidase was purifi ed and its structure was described in A. faecalis (3) . Additional information for the genetical structure of this enzyme was obtained in the β-Proteobacterium -H. arsenicoxydans. Today is known, that this bacterium possesses two arsenate reductases (arsC). The two subunits of the enzyme arsenite oxidase (aoxA и aoxB) were investigated in the same bacterial strain (15) .
Here we reported the investigation of some arsenictransforming bacteria, which could grow in the presence of arsenite and arsenate. We also present the screening and identifi cation of the genes encoding arsenic transforming enzymes, involved in the arsenic resistance.
Materials and Methods
Bacterial strains. All investigated bacterial strains were isolated and identifi ed by Krumova et. al. (11) . As the positive control by the genetical screening was used Herminiimonas arsenicoxydans -from "Génétique moléculaire, génomique et microbiologie" laboratory , ULP, Strasbourg, France.
Chemicals and stock solutions. Chemicals used in this study were of above 98% purity and were used without further purifi cation. All buffers and solutions were prepared with double bidistilled water and were sterilized by fi ltration (0.21 μm pore-size) or by autoclave at 119 0 С for 19 min. As [III] stock solutions (19 mM) were prepared from stock sodium arsenite (NaAsO 2 ) and As [V] -100 mM solutions from sodium arsenate (Na 2 HAsO 4 .7H 2 O). Stock solutions were stored at 4 0 С in the dark.
Investigation of the growth of the bacterial strains in the presence and the absence of arsenite/arsenate. For an evaluation of the dependence of culture growth from the ions in the medium, the growth of the tested isolates was investigated in the presence and the absence of arsenite or arsenate ions. The growth of the isolates was followed via measurement of the optical density of every 24 hour during 7 days with a spectrophotometer at 450 nm (OD450) (1 cm light-path length). The determination of the optimal arsenic concentration for the growth of these strains, they were cultivated in the medium containing arsenate or arsenite from 0 to 50 mM. The growth of the isolates was determined via measurement of the optical density at 450nm. The number of cells corresponding to every one optical density was determined on the basis of the constructed standard line for each bacterial strain. All experiments were performed in triplicate.
Screening for the genes from ars and aox operon. The detection of these genes was performed by PCR amplifi cation of total bacterial DNA with specifi c primers. DNA isolation was carried out according to standard protocol as described by Sambrook et al. (19) . The primers used for the amplifi cation of the genes in ars operon were as follows: arsC (ArsCent: 5'-CTTGCGCTCGSWGTAGCG-3'; ArsCamont: 5'-CACVCGCCGCGCATCCT-3'); arsR (ArsR-f: 5'-GATACAAACAGCCTTACCG-3'; ArsR-d: 5' -CCAGAAATTGCATCCCTAC-3'); and arsB genes (ArsB-f: 5'-CAAAGTGAAAGAGAGACGT-3'; ArsB-d: 5'-TGGCAGGCGCTATTTTTG-3'). The bacterium Herminimonas arsenicoxydans was used as a positive control for both arsB and arsC. Primers used for the amplifi cation of the genes in aox operon were: aoxb763: 5'-CTTGRTGWCCGCCCATGCGCAC-3'; aoxb65: 5'-GTCATTTTTGTATAGTCGGCTGTG-3'; degaoxb4: 5'-CCATTCATYGACGTGAGRTT-3'; uniaoxA: 5'TGTACCCATATGGGATGTCC-3'. For determination of the genes from both operons, PCRs were performed in 25 μl volumes using 5U Taq DNA polymerase (Roche Molecular Biochemicals, Mannheim, Germany). Amplifi cation consisted of one cycle at 95°C for 5 min and 34 cycles at 94°C for 1 min; 56°C (for genes from aox operon) and 57°C (for the genes from ars operon) for 1 min; 72°C for 2 min and a fi nal cycle 72°C for 15 min Reaction samples (10 μl) were electrophoresed in 1.5 % agarose gels with TBE (1x) buffer containing ethidium bromide.
The obtained PCR products were purifi ed, using "PureLink TM Quick Gel Extraction kit" (Invitrogen), according the instruction of manufacturer. The sequencing of the purifi ed PCR products was done by the "plate forme technique de l'IBMP" (automatic sequencing) in Strasbourg, France. The sequencing chemistry used AmpliTaq FS DNA polymerase and BIGDYE TM terminators (version 1). Sequence reactions were analyzed with an Applied Biosystems 373 XL sequencer.
Database searches and sequence analyses were performed by using the BLAST program (2).
Results and Discussion
Growth of the isolated bacterial strains in the presence and absence of arsenite and arsenate ions. For an evaluation of the dependence of cultural growth from the presented in the medium ions, the growth of the tested isolates was investigated in the presence and in the absence of arsenite or arsenate ions (19mM and 100mM). The growth of the isolates was followed by measurement of the optical density of every 24 hour during 7 days.
It was determined that strain M1 grows well in the presence of arsenate ions, during the exponential phase ( Fig. 1) . This strain shows a more stable growth curve during the growth in the presence of arsenite and arsenate by comparison with its growth without arsenic. In parallel with this experiment was investigated the change of pH of the medium during the arsenic transformation. It was determined that the arsenate reduction is coupled to alkalinization of the growth medium by the strain M1 -from pH 7.2 in the pure medium to pH 9.5 after 7 days cultivation in the presence of arsenate.
According AgNO 3 test, the strains M2 and M3 show oxidizing as well as reducing abilities to arsenic. It was determined that by the strain M2 the As [V]-reduction is less by comparison with the oxidation (11) . The intensity of this oxidation was reported on the 5 th day from the growth of this strain. At the 5 th day from the growth of M2, the growth curve shows an increase in number of the cells in the presence of arsenite. The isolate M3 shows the transforming ability at the 4 th day from the cultivation. To this day the strain has the identical growth curve in the presence and in the absence of arsenic. With the beginning of the transformation activities of the strain, it was observed an extension of the exponential phase in the presence of arsenite by comparison with its growth in the absence of arsenic. In the medium without arsenic the strain go to the stationary phase. This can be premise for the hypothesis that the strain M3 gains metabolic energy during the transforming activity.
By both strains M2 and M3, a change in the external pH in the medium was not registered during the transformation.
The isolate M4 shows an oxidizing activity at the 5 day from the cultivation. After the beginning of the oxidizing activity, this strain grows with a higher speed in the presence of As [V] and As [III] by comparison with the pure growth medium.
Especially interesting is the isolate M5, which shows an oxidizing activity at the fi rst day from the cultivation in the presence of arsenite (19 mM). To the 5 day from the cultivation, the presented in the medium arsenite ions were totally transformed into arsenates. The growth curve, of this strain, shows a more intensive growth, in the presence of arsenite, during the fi rst fi ve days (Fig. 1) .
In contrast to available data in the literature by both strains: M4 and M5, arsenite oxidizing is coupled to alkalinization of the growth medium -from pH 7.2 in the pure medium to pH 8.5, in the presence of arsenite, by M4. By strain M5 this process is powerful and pH increased to 9.
Growth curve for strain -M1 The strains isolated from soils next to the canal for evacuation of wastewater out of KZM -Plovdid: K1, K2 and K3 show a reducing activity to arsenic. The strains K1 and K3 have identical growth curves (Fig. 2) . Their growth rate is higher in the presence of arsenite ions in the medium. Both strains show a reducing activity at the second day from cultivation and a change in the external pH in the medium was not registered during the transformation.
The isolates K2 and K4 did not show the signifi cant differences in there growth curve (Fig. 2) in the presence and absence of arsenic. Only for the strain K2 was detected, that the reduction of arsenate is accompanied with an increase of pH of the external medium to pH=8.
For strain K5 was detected, that it shows the oxidizing activity at the second day from the cultivation. Although this strain is not able to reducing As [V], it shows a more stable growth curve in the presence of arsenate and arsenite ions by comparison with the pure medium. Change in the pH of the medium was not detected.
The strain K6 shows an oxidizing ability at the second day too. At this day an increase in the number of the cells for K6 in the presence of arsenite and arsenate was detected. By the cultivation of the strain in the presence of arsenate ions it was observed an extension of the exponential phase of the growth. This can be explained with the gain of the metabolic energy from the transforming ability of this strain. The change in the pH of the medium was not detected.
From all investigated isolates were selected the next six strains, which show a modifi cation in the growth curve by cultivation in the presence of arsenic: M1, M3, M5, K1, K3 and K6. It was determinated the optimal arsenic concentration for the growth of these strains. They were cultivated in the medium containing arsenate or arsenite from 0 to 50 mM. The obtained results were represented in Fig. 3 .
From the both tested isolates, the strain K6 (Ps. putida) exhibited a signifi cant increase in the fi nal number of the cells as the external arsenate concentration increased from 5 to 45 mM. This suggests that strain K6 was gaining an energetic advantage from arsenate. Arsenate at concentrations up to 15 mM also had a stimulatory effect on the growth rate of isolate M1 -Ps. stitzeri (Fig. 3) .
Identical experiments were performed for the isolates: K1, K3, M3 and M5, which show an arsenite oxidizing activity. The strain M5 shows an increase of the number of cells in the culture with the increasing of the arsenite concentration 5 to 40 mM (Fig. 3) . 40 mM is the optimal concentration for the growth of this strain. Arsenite in the concentration 19 mM to 40 mM has a stimulating effect to the growth of the strain Ps. mendosina -M3. The strain Ps. pseudoalcaligenes -K3 shows a maximal number of cells at the concentration of arsenite in the external medium of 15 mM. Arsenite in the concentration of 30 mM has a strong stimulating effect to the growth of the last strain Ps. stutzeri -K1.
From all investigated strains as the most perspective were determined: Ps. putida -K6, Pseudomonas mendosina -M3 and Alcaligenes faecalis -M5. The highest concentration of As [III]/As [V] at which the strains show maximal growth abreast of their transforming abilities, as well as the possibility to gain metabolitic energy during the arsenic transformation, was determined for the strains K6 and M3, which were chosen as very good candidates for participation in the process of bioremediation of the arsenic polluted soils. With its arsenite oxidizing activity at the fi rst day from cultivation the strain M5 is defi ned to be very promising for rapid bioremediation technology too.
Screening for arsenite oxidase and arsenate reductase genes in the genome of the isolated bacteria: Four different primer pairs: aoxb763, aoxb65, degaoxb4 and uniaoxA were used for screening of aox gene in the genome of the isolated bacteria. H. arsenicoxydans was used as a positive control. This is a bacterium in which were sequenced and investigated the genes of the two subunits of arsenite oxidase (aoxA and aoxB) (15) .
It was determined, that in the genome of these bacteria there were no genes that could be amplifi ed with the primer: uniaoxA/aoxb763 and uniaoxA/degaox b4. The presence of the genes that could be similar with the genes from aox operon in H. arsenicoxydans, in some of the investigated bacteria, was confi rmed by the PCR with the primers aox b763/aoxb65 and aoxb65/degaoxb4. Only for the strains, identifi ed as Ps. stutzeri (K1, M1 and 81D3), as well as Ps. pseudoalcaligenes -K3, Ps. aeroginosa (K5) and Ps. putida (K6) positive PCR products for the two primer pairs were obtained. The PCR products obtained with the primers for aoxB gene, encoded the catalytic subunit of the arsenite oxidase (aoxb65/degaoxb4) have the same length as the product of the positive control H. arsenicoxydans (1500 bp) (Fig. 4) .
All PCR products were purifi ed and sequenced. The obtained sequences were compared with similar gene's sequences, available in database, using the BLAST program (2) . The results are presented in the Table 1 .
Previously, only by the two strains -K5 and 81D3 it was confi rmed the possibility to oxidize As [III] to As [V] by the silver nitrate test (11, 22) . On this base, it comes to conclusion that in the genome of the isolates: P. stutzeri (M1,K1,81D3), P. putida (K6), P. pseudoalcaligenes (K3) and Ps. aeroginosa (K5) could be fi nd out aoxB gene with high similarity of the aoxB gene in H. arsenicoxydans. The similarity between Table 1) . The PCR products, obtained with the primers aoxb763/ aoxb65 have smaller length than the PCR product of aoxB gene in H. arsenicoxydans (data not shown), which means that in the genome of these bacteria there is a presence of the genes that can be amplify by these primers, but they are different than aoxB in H. arsenicoxydans. The absence of PCR products in some of the investigated strains did not means that these strains can not oxidize arsenic. At the presence the aox operon still is not known very well and may be the sequences of the genes encoded the enzyme arsenite oxidase in the investigated strains are very different from aox operon in H. arsenicoxydans. Bacterial operons encoding analogous arsenic resistance determinants (ars) have been found on the chromosome as well as on transmissible plasmids from gram-positive and gramnegative microorganisms. These operons generally consist of either three (arsRBC) or fi ve (arsRDABC) genes, that have been organized into a single transcriptional unit (21) . The threegene system, encoding the arsenic transcriptional repressor (arsR), arsenite permease (arsB), and arsenate reductase (arsC), was presented on the chromosome of Escherichia coli, Pseudomonas aeruginosa (3), and other enterobacteria (5). ArsR is a transcriptional repressor that responds to As [III] . ArsB is a secondary transporter that extrudes As [III] using the proton moving ArsB providing the energy for the translocation of the metalloids and increasing the level of arsenic force and is suffi cient for arsenite resistance. In some cases, an ATP-ase (ArsA) is also found with resistance (18) . In cyanobacterium Synechocystis sp. was found out arsenic resistance operon consisting of three genes: arsB, encoding a putative arsenite carrier, arsH, encoding a protein of unknown function, and arsC, encoding a putative arsenate reductase. In vivo the arsBHC operon was derepressed by oxyanions of arsenic (oxidation state, +3) to a lesser extent and arsenate (oxidation state, +5). In the absence of these effectors, the operon was repressed by a transcription repressor of the ArsR/SmtB family, encoded by an unlinked gene termed arsR. Thus, arsR null mutants showed constitutive derepression of the arsBHC operon.
Growth of selected isolates in arsenite (
Detection of the arsRBC genes was performed by PCR with specifi c primers for: arsC (ArsCent and ArsCamont), arsR (ArsR-f and ArsR-d) and arsB genes: ArsB-f and ArsB-d. In the genome of the investigated bacteria were detected the presence of the genes, which can be amplified only with the primers for arsC gene (encoded arsenate reductase) (Fig. 5) . The obtained products can be separated in two groups: the fi rst one -PCR products with a length of about 500bp as the positive control, and the second -PCR products with a length of 750bp. All these PCR products were purifi ed and sequenced.
Database searches and sequence analyses were performed by using the BLAST program ( Table 1) .
After comparison of the sequences of the obtained PCR products with the sequence of arsC gene in database, the similarity was not detected. There are fi ve strains in which the gene for arsenic resistance protein (Ars H) was sequenced -Pseudomonas putida, Pseudomonas stutzeri, Pseudomonas mendocina and Alcaligenes faecalis. It is known that this is a gene encoded the protein, determents the resistance of the strains to arsenic, but the exact function of this protein still is not well known.
Conclusions
In this work two isolates, Pseudomonas putida K6 and Pseudomonas mendosina M3, which were of particular interest, because they appeared to gain metabolic energy during the arsenic transformation, were characterized. The transforming ability and the intensity of growth of the strain M5-Alcaligenes faecalis, during the fi rst days of cultivation, determined this strain as a good candidate for the bioremediation of the environment. It was determined that not only reduction of arsenate is coupled with alkalization of the external medium. In this study were characterized the strains M4 (uncultured α-Proteobacteria) and M5 (Alcaligenes faecalis) for which the arsenite oxidation is coupled with alkalization of the external medium. For the fi rst time, in bacteria identifi ed as: Ps. stutzeri and Ps. mendocina, was sequenced the gene for arsenic resistant protein -arsH, which shows high similarity with the same gene in Ps. fl uorescens and Ps. putida. It is possible the genes for the arsenic-transforming enzymes in the investigated bacteria to be very different from the known gene encoded the same enzymes in the related bacteria.
Because of the toxic effect of arsenic in environment, all these investigation represent good basis for development of bioremediation technologies.
